Training of spinal cord circuits using sensorimotor stimulation has been proposed as a strategy to improve movement after spinal injury. How sensory stimulation may lead to long-lasting changes is not well understood. We studied whether sensory stimulation might induce changes in the strength of a specific spinal interneuronal circuit: spinally mediated reciprocal Ia inhibition. In healthy humans, the strength of reciprocal inhibition between ankle flexor and extensor muscles was assessed before and after 30 min of peroneal nerve stimulation at motor threshold intensity. Three stimulation protocols were assessed: patterned nerve stimulation (10 pulses at 100 Hz every 1.5 sec), uniform nerve stimulation (one pulse every 150 msec), and combined stimulation of the peroneal nerve and the motor cortex with transcranial magnetic stimulation. Short-latency reciprocal inhibition from ankle flexor to extensor muscles was measured by conditioning the soleus H-reflex with stimulation of the common peroneal nerve. The strength of the reciprocal inhibition was measured at baseline and for 20 min after each stimulation session. Patterned stimulation, with or without motor cortex stimulation, enhanced reciprocal inhibition for at least 5 min afterward. The uniform pattern of stimulation was ineffective. These results demonstrate the presence of short-term plasticity within spinal inhibitory circuits. We conclude that the pattern of sensory input is a crucial factor for inducing changes in the spinal circuit for reciprocal inhibition in humans. These findings may have implications for the use of repetitive patterned sensory stimulation in rehabilitative efforts to improve walking ability in patients with spinal injury.
Introduction
Walking is normally coordinated by networks of interneurons located in the spinal cord (Rossignol, 1996; Burke, 2001) . The dynamic flexibility observed during walking arises from modulation of synaptic transmission between neurons in the patterngenerating network (Parker and Grillner, 2000) and from sensory feedback, which modifies the motor pattern (Pearson et al., 1998; Lam and Pearson, 2002) . Longer-lasting plasticity in spinal networks has also been demonstrated and has been proposed as a means to permit motor skill learning throughout life (Wolpaw and Tennissen, 2001) . Plasticity in spinal networks may be important for motor recovery after spinal cord injury (SCI). After partial spinal injury, treadmill training can gradually improve walking ability in animals and humans (Dietz et al., 1995; Edgerton et al., 1997; Bouyer and Rossignol, 1998; Wernig et al., 1999; Field-Fote, 2001) . Treadmill training has a specific benefit on gait (de Leon et al., 1999; Roy et al., 1999) , leading to the hypothesis that sensory feedback from the moving legs is a critical factor for training spinal locomotor networks (Pearson, 2000; Edgerton et al., 2001) .
If sensory input plays a role in inducing use-dependent plasticity, spinal interneurons that participate in reflex pathways and in locomotor networks would be likely sites for adaptive changes (Pearson, 2000; McCrea, 2001) . The Ia inhibitory interneuron, which provides rhythmic inhibitory output from locomotor networks (Pratt and Jordan, 1987) and mediates reciprocal Ia inhibition between antagonist muscles (Hultborn, 1972) , is one such candidate. Measures of reciprocal Ia inhibition in humans have shown dynamic modulation during voluntary movements (Crone and Nielsen, 1989; Nielsen et al., 1995) . During locomotion, this modulation enhances the alternating pattern of activity between antagonistic muscles (Lavoie et al., 1997; Petersen et al., 1999) . Although studies have not directly tested whether a long lasting use-dependent modulation also occurs, the strength of reciprocal Ia inhibition is correlated with the degree and type of physical activity performed by the individual (Nielsen et al., 1993) . There are also anecdotal reports that use of a peroneal nerve stimulator appeared to counteract the loss of reciprocal inhibition usually seen in spasticity (Crone et al., 1994) .
Our goal was to determine whether sensory stimulation induces plasticity in reciprocal Ia inhibition in intact humans. We hypothesized that stimulation resembling sensory feedback from the foot during stepping would be an effective way to induce plasticity in this circuit. During stepping in animals, the primary afferents of ankle flexor muscles produce a short burst of firing, with rates from 100 to 200 Hz at the beginning of the swing phase (Prochazka and Gorassini, 1998) . In this study, the nerve to ankle flexor muscles was stimulated with a short burst ("patterned stimulation") at intervals approximating slow stepping (Auvinet et al., 2002) . Patterned stimulation was compared with a uniform pattern of stimulation. To dissociate sensory and motor effects of stimulation, we used electrical stimulation of the nerve just below the intensity needed to produce movement of the foot. Because recent studies in animals have suggested that corticospinal activation may be necessary for induction and maintenance of the plasticity of stretch reflexes (Chen and Wolpaw, 2002) , we assessed patterned stimulation combined with concurrent motor cortex activation.
Materials and Methods
Subjects. Twenty healthy volunteers, 29.4 Ϯ 7.5 years (13 men, 7 women), without signs or symptoms of neurological disease, participated in the study. The Institutional Review Board approved the protocol, and all subjects signed written informed consent according to the Declaration of Helsinki. Experimental sessions assessed the effects of a 30 min stimulation paradigm. Subjects participated in multiple sessions separated by at least 2 d.
Stimulation paradigms. Three stimulation paradigms were used to simulate different conditions of sensory feedback from ankle flexor muscles, without producing movement of the foot. (1) "Patterned" nerve stimulation consisted of stimulating the common peroneal nerve (CPN) at the fibular head transcutaneously with a train of 10 pulses (width, 1 msec) at 100 Hz every 1.5 sec at the intensity of motor threshold (ϳ1000 trains). (2) "Combined" stimulation gave patterned stimulation together with transcranial magnetic stimulation (TMS) over the leg area of the motor cortex at an intensity just below threshold for a motor-evoked potential (MEP). TMS was given every 8 sec, corresponding to a timing of every fifth step (ϳ200 pairings of TMS and CPN stimulation). (3) "Uniform" stimulation consisted of stimulating the CPN using the same number (ϳ10,000) and intensity of pulses as in the patterned paradigm, but the pulses were uniformly spaced every 150 msec. As an additional control, TMS alone was delivered every 8 sec for 30 min in five subjects.
Outcome measures. Reciprocal inhibition was measured before and up to 20 min after each session. MEPs and long-latency (D1) inhibition of the soleus H-reflex were measured before and 5-10 min after stimulation sessions. Surface EMG was recorded from tibialis anterior (TA) and soleus (SOL) muscles with paired 10 mm stainless steel disk electrodes using a counterpoint EMG machine (Dantec, Allendale, NJ) with filter bandwidth of 10 Hz to 2 kHz. Waveforms were digitized for off-line analysis using custom software (LabView 5; National Instruments, Austin, TX). Surface EMG from the peroneus longus muscle and the abductor pollicis brevis muscle was monitored during experiments.
Reciprocal inhibition. Reciprocal inhibition was assessed using an SOL H-reflex conditioning-test paradigm. Trials eliciting the test SOL H-reflex were interleaved with trials in which a conditioning stimulus preceded the test SOL H-reflex. Ten conditioned and 10 test H-reflexes were averaged at each time point: before (baseline), immediately after (time 0), and at 5 min intervals up to 20 min after each stimulation session. The SOL H-reflex was elicited by stimulating the posterior tibial nerve in the popliteal fossa (1 msec rectangular pulse) using monopolar stimulation with a remote anode on the patella. Before each session, an H-reflex recruitment curve was obtained. The test SOL H-reflex amplitude was maintained ϳ15-20% of M max for each block of trials (Crone et al., 1990) . Conditioning stimulation to the CPN was delivered using bipolar surface electrodes positioned below the fibular head. Motor threshold was defined as a 100 V response of the TA. The CPNstimulating electrode was carefully positioned to avoid activation of peroneus muscles, thus ensuring a more selective stimulation of the deep branch of the peroneal nerve. The optimal interval for stimulating the CPN to produce disynaptic reciprocal inhibition, either 2 or 3 msec, was determined at the beginning of each session and used throughout.
Transcranial magnetic stimulation. A Magstim 200 (Magstim, Dyfed, UK) was used to elicit MEPs from the TA and SOL muscles. A 70 mm figure-of-eight coil was used in all but two subjects whose higher thresholds required a double-cone coil to elicit MEPs. The handle of the coil was oriented longitudinally. The position was marked on the scalp, and the coil was clamped in a holder that kept it in the same position throughout testing. MEP thresholds were defined as the lowest intensity to produce MEPs from TA muscles of at least 50 V in 5 of 10 consecutive stimuli at rest without activation of the abductor pollicis brevis muscle. For the combined paradigm, central and peripheral conduction times were estimated using the F wave method (Samii et al., 1998) . We calculated the timing of TMS and peripheral nerve stimulation needed to produce synchronous arrival of their volleys at the spinal cord. In most subjects, TMS stimulation was delayed 1-4 msec relative to the CPN stimulation. MEP recruitment curves at rest were obtained before and 5-10 min after the patterned (n ϭ 6 subjects), combined (n ϭ 10), and TMS-alone (n ϭ 5) sessions. Five MEPs were obtained at each intensity with increments of 5% stimulator output, beginning at 5% below motor threshold and ending with maximal stimulator output. MEP areas were measured off-line in individual traces. The mean area for each subject was normalized to the maximal MEP area before the stimulation session.
Long-latency inhibition of soleus H-reflex. Long-latency (D1) inhibition of the SOL H-reflex was tested before and 5-10 min after the patterned (n ϭ 9), combined (n ϭ 4), and uniform (n ϭ 8) stimulation paradigms. The same stimulation and recording set up was used as for testing reciprocal inhibition, except that the conditioning-test intervals were 10 and 15 msec. These longer intervals are likely to assess presynaptic inhibition of Ia afferents (Mizuno et al., 1971) .
Dorsiflexion movement of the foot. Movement of the foot was videotaped during stimulation sessions. Markers were positioned on anatomical landmarks to measure the dorsiflexion movement produced by the stimulation paradigms. In most sessions, no movement occurred, but, in a few sessions, slight dorsiflexion of no more than 4°occurred.
Statistical analysis. A two-factor ANOVA, assessing the factors of stimulation paradigm (three levels) and testing time (six time points: baseline and five poststimulation time points), was used to analyze the effects of stimulation sessions on reciprocal inhibition between groups of subjects. A two-factor repeated-measures ANOVA was used to assess effects on and long-latency (D1) inhibition, and a three-factor ANOVA was used to assess MEP recruitment curves (intensity ϫ paradigm ϫ time). A onefactor ANOVA was used to analyze the effects of TMS alone on reciprocal inhibition. Post hoc testing to determine significant comparisons was done using a criterion of p Ͻ 0.05 with correction for multiple comparisons. Additionally repeated-measures ANOVA were analyzed for the subset of 15 subjects who participated in multiple stimulation paradigms, and their results were consistent with the group analysis.
Results

Reciprocal inhibition
Reciprocal inhibition was increased by the stimulation sessions compared with baseline (two-factor ANOVA; F ϭ 6.22; p ϭ 0.002; df ϭ 2, 5) (Fig. 1) . Post hoc testing revealed that both patterned ( p ϭ 0.0008; n ϭ 18) and combined ( p ϭ 0.001; n ϭ 14) stimulation paradigms were effective at strengthening reciprocal inhibition but that the uniform stimulation was not ( p ϭ 0.92; n ϭ 8). At baseline, reciprocal inhibition produced a 12-15% inhibition of the test SOL H-reflex size. Immediately after stimulation, reciprocal inhibition increased to 17% in the patterned paradigm but was unchanged in the combined and slightly decreased (5%) in the uniform paradigm. Five minutes after stimulation, reciprocal inhibition increased to 22% in the patterned and combined paradigms but remained the same in the uniform (5%) paradigm (Figs. 1, 2) . The effect was short lived, however, and, by 10 min, reciprocal inhibition began declining and had returned to baseline by 20 min. The effects of stimulation were not explained by differences in the test SOL H-reflex size, which was maintained at the same target amplitude throughout the study, and was similar in all stimulation protocols (14.6 Ϯ 4.1% of M max in the patterned stimulation paradigm; 11.7 Ϯ 3.4 of M max in the combined stimulation paradigm; and 12.9 Ϯ 2.5% of M max in the uniform stimulation paradigms). In addition, TMS alone was not effective at strengthening reciprocal inhibition (one-factor ANOVA; F ϭ 0.04; p ϭ 0.98; n ϭ 5).
Cortical excitability MEP recruitment curves were unchanged before and after the stimulation sessions and were similar for TA and SOL muscles, as shown in Figure 3 . There was no difference in the MEP areas before and after stimulation sessions (three-factor ANOVA; SOL, F ϭ 1.333, p ϭ 0.26, df ϭ 2, 1, 7; TA, F ϭ 2.397, p ϭ 0.09, df ϭ 2, 1, 7). A trend for larger MEPs after the combined stimulation paradigm at the highest intensities (Ͼ20% above motor threshold) was seen only in the three subjects with motor thresholds low enough to assess these high intensities.
Long-latency (D1) inhibition
Long-latency (D1) inhibition produced a 10% decline in the SOL H-reflex at baseline. Two-factor ANOVA showed no effect of stimulation on long-latency (D1) inhibition at 5-10 min after stimulation (F ϭ 0.76; p ϭ 0.47; df ϭ 2, 1) (Fig. 4) .
Discussion
The pattern of sensory input is critical We found that the strength of reciprocal Ia inhibition between ankle flexor and extensor muscles could be temporarily increased by stimulating the CPN for 30 min in normal human subjects. Nerve stimulation did not need to produce movements of the foot to be effective. However, the temporal pattern of stimulation was critical. Patterned stimulation in rhythmic bursts was effective, whereas a uniform pattern of stimulation was ineffective. The patterned stimulation mimicked aspects of the sensory feedback from muscle spindles during stepping. The pulse train of 100 Hz was chosen because the firing rate of Ia afferents of ankle dorsiflexor muscles increases up to 100 -200 Hz during the swing phase of locomotion, as the muscles contract briefly to lift the foot (Prochazka and Gorassini, 1998) . The interval of 1.5 sec is slightly slower than the stepping speed of healthy individuals (Auvinet et al., 2002) , but other aspects of the patterned stimulation were highly artificial, such as synchronous activation of afferents, lack of frequency modulation within pulse trains, and absence of associated changes in muscle velocity, length, and joint angles. Although this stimulation was sufficient to induce changes in spinally mediated reciprocal inhibition, it is likely that the optimal stimulation for training spinal locomotor circuits will involve the more complex mixture of afferent signals that are naturally produced by the stepping movement (Pearson et al., 1998; Lam and Pearson, 2002) .
Patterned nerve stimulation was effective in inducing, but not in maintaining, plasticity in reciprocal Ia inhibition. Other investigators have proposed that corticospinal input plays a permissive role in the induction and maintenance of plasticity of stretch reflexes (Chen and Wolpaw, 2002) . We expected that combining motor cortex stimulation with patterned nerve stimulation would prolong plastic changes, but this did not occur. It may be that a different intensity or timing of TMS, or the use of repetitive trains of TMS is needed. We used intensities of TMS that have been shown to produce corticospinal volleys in invasive human studies (Houlden et al., 1999) and calculated the timing between nerve and TMS stimulation so that the volleys would arrive synchronously at the spinal cord. Synchronous timing between the arrival of sensory volleys at the cortex and TMS has been shown to be critical for inducing plasticity in the motor cortex (Stefan et al., 2000; McKay et al., 2002) .
Although descending corticospinal inputs can modulate transmission in the Ia interneuron (Hultborn, 1972) , several lines of evidence suggest that the effects in this experiment did not occur in the motor cortex. First, the MEP recruitment curves were unchanged by patterned and combined stimulation. Previous studies have shown that sensory stimulation necessary to produce motor cortex plasticity is either twofold to threefold stronger than in this study (Khaslavskaia et al., 2002) or given for longer periods (Ridding et al., 2001; McKay et al., 2002) , or synchronized to arrive simultaneously when TMS is delivered to the motor cortex (Stefan et al., 2000) . Our data are in agreement with reports showing no change in TA MEPs after 30 min of CPN stimulation at motor threshold intensity (Khaslavskaia et al., 2002) . 
Possible neural mechanisms involved in changes of reciprocal inhibition
The increased strength of reciprocal inhibition could be attributable to changes in one of several sites along the disynaptic circuit. The inhibitory synapse on the motor neuron could itself be potentiated, as has been shown with synaptic transmission of glycinergic synapses in the goldfish in response to short tetanic trains (Korn et al., 1992; Oda et al., 1995) and for GABAmediated inhibitory synapses in cerebellar Purkinje cells (Kano et al., 1992) . Alternatively, greater excitability of the Ia interneuron pool could recruit subliminal interneurons or "latent" inhibitory connections Oda et al., 1995) . Potentiation of the glutamatergic Ia afferent synapse on the Ia interneuron is also a possibility, although we did not see changes in long-latency (D1) inhibition, which is activated by the same Ia afferent fibers, when tested 5-10 min after stimulation.
Implications for rehabilitation after SCI
By showing that sensory stimulation can increase the strength of reciprocal inhibition in intact humans, this study offers a potential category of mechanisms that could underlie the effects of sensorimotor stimulation in rehabilitation. In humans with incomplete SCI, spinal inhibitory reflexes mediated by GABA and glycine are reduced (Calancie et al., 1993; Boorman et al., 1996; Okuma et al., 2002) . Reduction in disynaptic glycinergic reciprocal Ia inhibition is thought to contribute to abnormal muscle coactivation during locomotion (Fung and Barbeau, 1989) . Rehabilitative strategies to improve locomotion using intensive treadmill training (Dietz et al., 1995; Wernig et al., 1999; FieldFote, 2001 ) demonstrate a reduced co-contraction and improved alternation between antagonistic muscles (Dietz et al., 1995; Harkema et al., 1997) . Our study suggests that training could exert its effects by strengthening specific spinal circuits, such as reciprocal inhibition, that are activated by sensory feedback.
Paradoxically, markers of glycinergic and GABAergic synapses are increased in spinalized animals (for review, see Edgerton et al., 2001 ).
Step training reduces GABAergic (Tillakaratne et al., 2000) and glycinergic (de Leon et al., 1999) markers in the lumbar spinal cord, as well as motor responses to strychnine, a glycinergic antagonist. These findings may raise doubts about the utility of strengthening inhibitory reflexes in humans with SCI. However, a recent animal study found that training reduced inhibitory synapses differentially on those motor neurons innervating muscles that were activated during the step training (Tillakaratne et al., 2002) . Thus, changes in transmission in spinal inhibitory pathways may occur in an activity-dependent manner.
Understanding the parameters that can best modify spinal interneuronal networks is one key to optimizing rehabilitation strategies. Our study looked at the effects of a single stimulation session and a single spinal reflex circuit. Locomotor training for rehabilitation clearly provides a more complex experience than provided by the stimulation in this study. Future studies will need to determine the role of this multisensory signal and of repeated sessions in inducing progressive changes in spinal circuits. 
